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Decay of Equatorial Ring Current Ions and Associated Aeronomical Consequences
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The decay of the major ion species which constitute the ring current is studied by solving the time evolution
of their distribution functions during the recovery phase of a moderate geomagnetic storm. In this work, only
equatorially mirroring particles are considered. Particles are assumed to move subject to EXB and gradient
drifts. They also experience losses along their drift paths. Two loss mechanisms are considered: charge
exchange with neutral hydrogen atoms and Coulomb collisions with thermal plasma in the plasmasphere.
Thermal plasma densities are calculated with a plasmaspheric model employing a time-dependent convection
electric field model. The drift-loss model successfully reproduces a number of important and observable
features in the distribution function. Charge exchange is found to be the major loss mechanism for the ring
current ions; however the important effects of Coulomb collisions on both the ring current and thermal
populations are also presented. The model predicts the formation of a low-energy (< 500 ¢V) ion population
as a result of energy degradation caused by Coulomb collisions of the ring current ions with the plasmaspheric
electrons; this population may be one source of the low-energy ions observed during active and quiet periods
in the inner magnetosphere. The energy transferred to plasmaspheric electrons through Coulomb collisions
with ring current ions is believed to be the energy source for the electron temperature enhancement and the
associated 6300 A (stable auroral red [SAR] arc) emission in the subauroral region. The calculated energy-
deposition rate is sufficient to produce a subauroral electron temperature enhancement and SAR arc
emissions that are consistent with observations of these quantities during moderate magnetic activity levels.

1. INTRODUCTION

In this work we study processes that occur during the recovery
phase of a moderate geomagnetic storm. The ring current has
already formed as a consequence of processes which have
occurred during the main phase [Chen et al., 1993]. The
recovery phase is associated with the decay of the ring current.
Three loss mechanisms have been suggested: (1) charge
exchange with the neutral hydrogen; (2) Coulomb collisions
with thermal plasma in the plasmasphere; (3) pitch angle
diffusion into the atmospheric loss cone as a result of wave-
particle interactions. The time evolution of the energy spectra
of ring current ions after storm injection was studied by Kistler
et al. [1989]. They only considered the charge exchange loss
of ring current ions along the drift path. Their predicted spectra
agreed reasonably well with measurements at high energies, but
there were disagreements at energies below 5 keV. In this
paper the decay of the major ion species (H*, He*, and O%)
making up the ring current is studied, considering drift motion,
charge exchange loss, and also Coulomb drag during the
recovery phase of a moderate magnetic storm with maximum
Kp of 6.

The effect of Coulomb collisions on ring current ions is
studied by solving the Fokker-Planck equation. Energetic ring
current ions are slowed down by thermal plasma in the
plasmasphere via Coulomb collisions. Usually, Coulomb
collisions are considered as a minor loss of ring current ions
when compared with charge exchange losses. However, the
Coulomb decay lifetime is comparable with or less than the
charge exchange lifetime for energies below ~10 keV [Fok et
al., 19915]. The inclusion of Coulomb collisions does change
the distribution function significantly at low energies. A low-
energy (< 500 eV) ion population is formed as a result of the
energy degradation, via Coulomb collisions, of the high-
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energy ring current ions. Furthermore, the ring current energy
transferred into the plasmasphere was found to produce
plasmaspheric heating. If this energy is transferred down
along the magnetic field lines into the ionosphere, observable
ionospheric signatures result during the recovery phase of
storms. Kozyra et al. [1987] found that the decay of ring
current O% through Coulomb collisions provides enough
energy to produce the subauroral electron temperature
enhancement and the associated 6300-A emission, called a
stable auroral red (SAR) arc. The energy loss of ring current
ions through Coulomb drag is transferred mainly to the
plasmaspheric electrons. Therefore Coulomb collisions
cannot be ignored for their important effects on both the
energetic and the thermal populations.

In the next section we describe the distribution function and
how the number of particles and their energy are calculated by
taking moments of the distribution function. In section 3 we
present the kinetic equation used for solving the particle drifts
and losses. The numerical method used to solve the equation
for the distribution function and the boundary conditions are
discussed in section 4. In section 5 we describe the model
which provides the time variation of the plasmaspheric
density, used in calculating the Coulomb interactions. Section
6 explains how the initial conditions of the distribution
functions are set up in the model. In section 7 we examine the
distribution functions of each of the ion species 12 hours after
the main phase of the simulated storm and the buildup of a low-
energy population. In section 8 we present the plasmaspheric
heating and the corresponding ionospheric signatures.
Discussion and summary are given in the final section.

2. DISTRIBUTION FUNCTION
The distribution function used in the present study is defined as:

&N,
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Our definition implies that 6Ny is the number of particles of
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the species s whose guiding centers are within a flux tube §&,
per increments 8M and 8K, where @ is the magnetic flux, M is
the first adiabatic invariant and K is a purely field-geometric
quantity introduced by Roederer [1970]. M and K are defined as

E(1- 2
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where g, is the cosine of equatorial pitch angle, B, is the
equatorial magnetic field, mg is the mass of species s, J is the
second adiabatic invariant, B, is the magnetic field at the
mirror points, the integral is evaluated along the field line, and
$m and s, are mirror points. The total number of particle of
species s is given by

Ny ={[[ fs d®aM dK 4)

Given that, 8@ = B, 6A, =By Ry OR, 8¢, where 04, is the
equatorial element of area, R, is the radial distance at the
equator, and ¢ is the magnetic local time, we can write

N, ={[[ f;(t.,R,,¢.M ,K)B, R, dR, d¢ dM dK (5)

In this paper we only consider particles with a pitch angle of
90° (spread 8K about K= 0). Therefore the total number of ring
current species s, Ng, and the total kinetic energy KEg, can be
written as

N, =[N dK[[[ £, R, 0,M,K ~0)B, R, dR, d¢ dM
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¢ 1s a normalization constant such that

Y KE, = Eiyq
s

= total kinetic energy contained
in the ring current particles.

There is a simple relation between the phase space
distribution function and the distribution function defined in
(1). They are proportional to each other and

1/2
2 3
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3. DRIFTS AND LOSSES OF RING CURRENT JONS

We define

Fi(R,.0)=[o(R,.0,M = M;,K = K;) ©)
2 _ 8N,
fl(Ras¢)_ 5@ (10)
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Therefore 6](/] is the number of particles per unit M and K
about M=M; and K=K, whose guiding centers are within a flux
tube &@. In the case of no collisions, M is an invariant along
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the dynamical paths of particles and K is also an invariant if
magnetic field lines are equipotential [Roederer, 1970].
Therefore N; is a conserved quantity. Assuming a time
independent magnetic field, the corresponding conservation
equation is
%, 1 9
ot B,R, dR,

(R,VaB.11) +}“31"§%(wa1) =0 (12)

where Vg and V, are the radial and the longitudinal components,
respectively, of the velocity at the reference point 0, for
particles with a given M = M and K = Ky, which have been
moving along the flux tube of equatorial cross-section 64, at
point 0. This velocity is usually referred to as the particle's
bounce-averaged drift velocity, denoted by <V >.

In this work we restrict our study to equatorially mirroring
particles, for which K=0 and for which the bounce-averaged
drift velocity <V > is just the equatorial drift velocity. In our

calculations we assume that the velocity is due to E x B and
gradient drifts. A dipolar geomagnetic field is assumed, which
is a good assumption for L less than about 6. In this work we
are studying the decay of the ring current, which usually takes
place inside geostationary orbit (L = 6.6). The electric field
can be expressed as the gradient of a potential, U(R,), which is
the electric potential caused by the convection and the
corotation fields. The corotation potential has the form

(&

Ucarotation =-? (13)
o

where C = 1.44x102 Vmr!Rg? is a constant. The convection
potential can be written as [Volland, 1973; Stern, 1975]
U

convection = @R, 7 sin ¢ (14)
where ¢ is the magnetic local time with midnight at 0°, @ and ¥
are parameters that characterize the strength of the field and the
shielding in the inner magnetosphere respectively. We have
used ¥ =2 and a as a function of Kp, given by Maynard and

Chen [1975] as

-3
e 7.05x10 mV/m e

(1-0.159Kp+0.0093Kp?) R

where Rp is the radius of the Earth. The radial and longitudinal
compenents of the drift velocity can be written as

¥+2
szuaR,, cos ¢ (16)
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where M is the dipole moment of the Earth.
Next we consider the losses of the ring current ions. The loss
due to charge exchange with the neutral hydrogen can be

described as
(%J ==VO; <ny >f.r
ce

E (18)

where v is the velocity of the particle; og is the cross section
for charge exchange of species s with the neutral hydrogen, and
<ny> is the bounce-averaged hydrogen density. Latest
measurements of the charge exchange cross section have been
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Fig. 1. Charge exchange cross sections of H*, He* , and O* in hydrogen
gas, reported by the Oak Ridge National Laboratory. Solid lines are
polynomial fits.

compiled and published by Phaneuf et al. [1987] and Barnett
[1990]. Figure 1 collects all the charge exchange cross-section
measurements used in this study and the corresponding
polynomial fits. The lowest energy for which there is data
available for the cross section of He* is at an energy of 1 keV.
Below this energy, the values of the cross section may be
underestimated by extrapolation of the fit. However, the
Coulomb decay lifetime of He* at these energies is an order of
magnitude shorter than the charge exchange lifetime [Fok ef al.,
1991b]). These low-energy He* ions will be removed by
Coulomb collisions before they charge exchange with
hydrogen atoms. The exospheric hydrogen density, used in our
calculations were taken from Rairden et al. [1986].

Energetic ring current ions also interact via Coulomb
collisions with the thermal particles in the plasmasphere. The
ion to electron mass ratio is large, therefore the energy transfer
from ring current ions to the thermal electrons in the
plasmasphere is significantly more important than angular
deflections [Wentworth et al., 1959]. We only consider the
changes of M and K of the ring current ions caused by energy
losses to thermal plasma in the plasmasphere by the Coulomb
drag forces. In fact, K is conserved even with Coulomb drag
forces [Schulz and Lanzerotti, 1974]. The change of the
distribution function by Coulomb drag can be represented by
the Fokker-Planck equation, considering only the first-order

term,
(%) —2[(%),]

in which the subscript v refers to frictional process [Schulz and
Lanzerotti, 1974]. The diffusive terms in the Fokker-Planck
equation are neglected. The above equation can be rewritten as
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The following expression was obtained by Spitzer [1962] for

the rate of energy change of a particle moving through a
thermal plasma:

(19)
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<ng> and <ny> can be replaced by n, and ny respectively for
the calculations presented here, because only equatorial
mirroring particles were considered. The spatial and temporal
variations of the plasmaspheric density n, were calculated by
the model which is described in section 5. The expression for
the losses of 90° pitch angle particles, considering charge
exchange and Coulomb collision is

d |2MT" my
+W{ 3 s %nbzg[lrz[i-i-;g)G(x)—erf(x):[fs} (22)

v

4. NUMERICAL SCHEME AND BOUNDARY CONDITIONS

The goal of this study was to obtain the time evolution of the
distribution function f.(¢, R,, M) for a given initial condition,
considering both drift and loss. We carried out our calculations
using a "two-step” process. In the first step we move particles
of different magnetic moments in configuration space, using
the drift velocity presented in section 3, over a small time
interval, 8. We '"reassemble"” the distribution function of the
particles, and calculate charge exchange loss and Coulomb
decay in the next time interval. The method of fractional steps
is used to decompose this drift-loss model and only drift or loss
is solved at each fractional time step. The algorithm is

1
fi 2=DGM

where f{* is f; atnthtime step. The complete distribution
function f; is reassembled

i=1,2,3,- (23)

n+— antt
fo2=3f 2 24)
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then, losses are calculated.
1
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D =Dy +D,, are the operators for the drift in radial and
azimuthal directions. £ =L ., + L,  are the operators
responsible for the charge exchange loss and Coulomb
collisions. The drift and loss operations are reversed on the
next time step in order to get second-order accuracy in time.
Different numerical schemes can be applied for different
terms. An exact solution can be obtained for the charge
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exchange loss term giving

Lcc = exp(—al VO iy ) (26)

The Lax-Wendroff scheme together with a flux-limiter method
[LeVeque, 1992] is used for the linear conservative terms (drifts
and Coulomb collisions).

The lower and upper bound in R,, equatorial radial distance,
are taken to be 2 Ry and 6.5 Rg respectively, while the bounds
on M correspond to kinetic energy range of 0.01 to 317 keV.
The following boundary conditions are applied in this model:

fs(R, <2Rg)=0,Ve >0 (27
g; 0, Vg <0 (28)
oIR,=6.5R,
12
fs(imsv >317 chJ:U (29)

From (16) we know that Vg is negative on the nightside,
therefore the boundary condition (28) for Vy less than zero
assumes a continuous injection of ring current at the outer
boundary (L=6.5) from the plasma sheet even during the
recovery phase of the storm. The rate of this injection depends
on the instantaneous particle distribution at the boundary and
the strength of the convection electric field. However, this is
only a small injection compared with the major injection
during the main phase. No lower boundary is needed for energy
because Coulomb drag always transports particles toward lower
M (energy) in the situation we are considering.

5. THE PLASMASPHERIC MODEL

In this study the plasmaspheric model of Rasmussen et al.
[1993] is used to generate numerical values for the parameter
<np,> which appears in (21). We assume that the ions in the
plasmasphere have a Maxwellian distribution, with T;=T,=
leV. Plasmaspheric densities are calculated by assuming that
there are no sources or sinks of thermal plasma in the equatorial
region of the inner magnetosphere. lon density can change
only as a result of ionospheric fluxes or from changes in the
volume of a tube of plasma due to magnetospheric convection.
The conservation equation used to solve for plasmaspheric
density is

é‘<n>+_id£_8<n>+_d_¢8<n>
ot dt oL dt  d¢
<n>dL dV

V dt dL

(30)

where L is the Mcllwain parameter, B;is the magnetic field at
the ionosphere, and
ds
ViL)=| = (31)
is the volume per unit magnetic flux of a rube of plasma. Note
that in this representation, <n> is the average density of H*
within the tube of plasma. We assume that the He* and O°
densities are 20% and 3% of the H* density respectively. The
first term on the right-hand side of (30) represents the supply
(or loss) of plasma from the conjugate ionospheres and the last
term represents the effect of changes in flux tube volume.
Changes in volume are calculated by assuming a dipole
magnetic field.
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Ionospheric fluxes from the northern and southern
hemispheres, Fy and Fg are found by assuming that
equilibrium densities are approached at a rate which depends on
the deviation from equilibrium and on a constant timescale T
[Krinberg and Tashchilin, 1982], i.e.,

FN +FS _ HO(L,¢)*< n>(L,¢)
B"V - T

(32)

where n, is the equilibrium density of a completely filled flux
tube (obtained from the empirical model of Carpenter and
Anderson [1992]). The timescale

n, B'V

= (33)
FNmax +F5'max

is obtained from (32) by assuming that limiting fluxes are
present whenever the flux tube is completely empty ( <n>=0).
It is at this time that the upgoing ionospheric fluxes are at a
maximum, as denoted by the subscripts in (33). These limiting
fluxes are calculated from an analytical approximation derived
by Richards and Torr [1985]. For more information about the
plasmaspheric model, see Rasmussen et al. [1993].

The plasmaspheric model was run for the main phase and the
recovery phase of the model storm. The growth of Kp during
the main phase and the decrease of Kp during the recovery
phase of ten storms during the period of 1988 to 1990 was
averaged, in order to estimate a typical Kp history of a storm
(recall that the Kp index is used in the simple model of
magnetospheric convection). The maximum Kp is assumed to
be 6. Results of the model are shown in Figure 2 for three
different times after the main phase of the moderate storm
studied in this paper; the modeled time history of Kp of the
recovery is also shown in the figure. The post recovery value
of Kp is taken to be a constant value of 1. Arrows in Figure 2
indicate the times at which plasmaspheric densities are shown.
Magnetospheric convection was strongest at the time
corresponding to the plasmaspheric densities shown in Figure
2a. The plasmapause is located closer to the Earth (L = 3.5) in
the midnight and early morning sectors and a tail of relatively
dense plasma can be seen drifting toward the magnetopause in
the early afternoon sector. Nine hours later (Figure 2b),
magnetospheric convection has subsided somewhat and the
plasmasphere has begun to refill inside of approximately L =4
in the post midnight sector. Convection continues to abate
and by 27 hours (Figure 2c¢) it has reached a minimum level,
predicted by a Kp of 1. During this time period the
plasmasphere has continued to refill but has not reached
saturated levels. Density contours are nearly circular and
density falls off smoothly with L, without an abrupt
plasmapause.

6. INITIAL CONDITIONS OF A MODERATE STORM

The model calculations presented in this paper assumed that
charged particles are accelerated and injected from the plasma
sheet on the nightside at the geosynchronous location during
the main phase of the storm. These injected particles form the
storm time population of the ring current. When recovery
starts, the injection which has created the ring current is no
longer strong enough to maintain it against the loss processes.

We start our calculations at the end of the main phase when
the recovery of the storm begins. The initial storm
distributions at zero magnetic local time of the three major ring
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current ions, H*, He*, and O* are taken from the average storm
time spectra reported by Kistler et al. [1989], based on
measurements obtained by instruments carried aboard the
Active Magnetospheric Particle Tracer Explorers (AMPTE) /
Charge Composition Explorer (CCE) spacecraft, during the
time period September 1984 to November 1985, which
corresponds to solar cycle minimum conditions. They
averaged the energy spectra over about 8 moderate storms, with
averaged Kp of 6, L varying from 3.5 to 5.5, in the injection
region (between 2000 and 0400 LT). We extrapolate the
spectra down to L of 2 and up to L equal 6.5, using as a guide the
radial profile of ring current energy density of the moderate
storm on September 4, 1984, reported by Krimigis et al.
[1985]. For energies less than 1keV,; which were not
presented by Kistler et al. [1989], the injected distribution
functions were estimated by: f(E) = (E ) E/E_ exp(1-E/E ),
where E_=1keV. We decided to make this assumption
because it would have been unphysical to chop off the
distribution functions at 1 keV and more importantly the
buildup of low-energy (< 1 keV) ions due to Coulomb

«©)

18

(Lower panel). The modeled

collisions, which will be discussed in section 7, overwhelms
this initial population in the plasmasphere as the recovery
phase progresses. The variation in the magnitude of the
injected distribution function versus local time on the
nightside is assumed to be given by a Gaussian, which matches
the peak value at midnight and has a standard deviation of 3
hours. This results in a major injection region spanning 2100-
0300 MLT. The initial distribution function on the dayside is
assumed to be zero. The input spectra for each of the major ion
species, at selected L values and zero magnetic local time, are
shown in Figure 3. The distribution functions plotted in all
figures presented in this paper are phase space distribution
functions given in s3/km®.

The total kinetic energy (E,,;) of the ring current particles
injected during the main phase of the storm is assumed to be
2.0x10%! keV. The initial percentages of the total energy and
the number density provided by each ion species, averaged over
L values from 2 to 6.5, is shown in Figure 4a [Kistler et al.,
1989]. The initial mean energy of each species, as a function
of L, is shown in Figure 4b. H* provided the major portion of
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Fig. 3. "Initial” conditions on the phase-space density of H*, He*, and O™ at different L values, magnetic midnight.
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Fig. 4. Characteristics of the ring current ion population just before the
recovery phase of storm. (&) Percentage of total energy and number
density each species provided; (b) Mean energy. Inputs are taken from
Kistler et al. [1989].

the total energy while He* provided only a small percentage of
the total energy and number density. The initial mean energy
of the ring current H* is quite constant over the L-shell range of
the observations. The initial mean energies of He* and O* are
low at low L and are higher at L > 4.5.

7. CHANGE OF ENERGY SPECTRA AND BUILDUP OF Low
ENERGY POPULATION

The phase space distribution functions of all ion species after
12 hours of decay are plotted in Figure 5; the results are
presented as a function of energy at L = 2.5, 4 and 5.5, and at
selected local times centered in the nightside, prenoon and
postnoon sectors. At L = 2.5 there are sharp decreases in the
distribution function at energies between 10 and 20 keV in
both the prenoon and postnoon sectors. This kind of drop off
in the distribution function is a consequence of the combined
effects of the corotation and convection electric fields and
gradients in the magnetic field on the ion drift. Corotation,
which produces eastward drifts, dominates the motion of low-
energy ions (E < 5 keV), whereas high-energy ions (E > 30
keV) drift westward due to the gradient in the magnetic field. In
both cases the drift paths are closed. At some intermediate
energy the corotation and convection drifts almost cancel the
gradient drift, resulting in very slow drift velocities. Particles
at these energies take days to reach the dayside. As stated in
section 6, the initial distribution functions for all ion species
were assumed to be zero on the dayside prior to the storm
injection. Therefore a sharp drop off occurs in the dayside
distribution over the energy range corresponding to these
stagnating ions. The comparative high density in H* at low
energies (< 500 eV) is a result of Coulomb collisions and will
be discussed later in this section. At L = 4, both the charge
exchange and Coulomb losses are weak and the shape of the
distribution function is mainly determined by drifts. A dip is
seen in the prenoon sector at approximately 7.6 keV and a
sharp drop off can be found in the postmoon sector at 3.8 keV.
These two features are also predicted by the model of Kistler et
al. [1989] and have been observed (references in the work by
Kistler et al. [1989]). At L = 5.5 the distribution functions are
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quite symmeiric about local time, although there is still a
postnoon drop off.

In order to separate the effects of drifts, charge exchange and
Coulomb drag, the model was run again for two test cases: (1)
considering only drift motion and (2) drifts plus only charge
exchange loss. Figure 6 shows these test results of HT at three
locations. At L=2.5, the inclusion of Coulomb collisions
results in a slight reduction of the distribution function at high
energies. However, a low-energy (< 500 eV) ion population is
formed by the energy degradation of high-energy ions due to
Coulomb collisions with the plasmaspheric electrons.
Coulomb collisions also make the dips caused by drift motion
shallower. This increase in the ion distribution due to
Coulomb collisions was also found by Cornwall [1972] and
Spjeldvik [1977], when they calculated the equilibrium density
structure of the magnetospheric ions. Kistler et al. [1989] only
considered drifts and charge exchange loss of ring current ions.
They found that at low energies, the observed spectra were
higher than predicted and that the dips in some of their modeled
spectra was deeper than the measurements. The inclusion of
Coulomb collisions in our model leads to a better agreement
with observations, especially at low energies. Coulomb drag
also has pronounced effects on the low energy distribution of
ring current He* and O% ions. At L values outside the
plasmapause (L=4 and 5.5) the Coulomb collision effects are
relatively much weaker.

The low-energy ion population in the magnetosphere has
been studied by in-situ satellite measurements [Lennartsson
and Reasoner, 1978; Lennartsson and Sharp, 1982]. We
calculate the 10 - 500 eV flux derived from each ring current ion
species as a function of elapsed time. Plate 1 shows the initial
flux, and the flux at 12 hours and 2 days after the main phase of
the storm. For all ions the maximum flux is initially located in
the region of L between 3 and 4 (Plate 1a). 12 hours later (Plate
1b), flux of the same order of magnitude or higher than the
initial peak is found at a lower L shell (L ~ 2.5). A close look
at the drift paths of these low-energy particles indicates that
the build-up of the low-energy population at lower L value is
not a consequence of the drift of these particles from higher L
to this location, but is the result of energy degradation of
higher-energy ring current ions by Coulomb collisions with
the plasmasphere. We also found, as shown in Plate 1, that
particles at L values above about 4, which have open drift
paths, drift toward the upper spatial boundary of the model and
are lost; therefore the longest-lived fluxes are confined to a
range of L values from approximately 2.5 to 3.5.

After 2 days of recovery (Plate lc¢), there is an order of
magnitude decrease in the maximum H* flux. The maximum
flux at this time has moved outward to L ~ 4. The temporal
history of the low-energy O* flux is much different than the just
described low-energy H* ions. Maximum O flux in the energy
range 10 - 500 eV is located at L ~ 2.75, but does not appear
until 2 days into the recovery phase. The different times for
buildup and disappearance of each ion species in this energy
range (10 - 500 eV) can be explained by their different
Coulomb decay lifetimes; in other words, by their rates of
energy loss to the plasmasphere. Among the three ion species,
the Coulomb decay lifetime of low-energy O is the longest and
that of H* is the shortest, whereas that of He* has an
intermediate value [Fok et al., 1991b5]. After the low-energy H*
is built up, it will be lost by energy degradation in a few hours.
It takes approximately 1 day for low-energy O% to be formed
from high-energy particles, as a result of its comparatively
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long Coulomb lifetime, and therefore it lasts for a few days.
The effects of Coulomb drag on the ion distribution are
clearly illustrated in Figure 7. The ring current model was run,
excluding drifts and charge exchange loss, for a number of
simplified energetic ion distributions, to isolate the effects of
Coulomb drag on the temporal evolution of these distributions.
The simulation begins at =0 with initial H* (Figure 7a) and O*
(Figure 7b) ion distributions peaking at 10 keV (top panel) and
40 keV (middle panel) in a background thermal (1 eV) plasma

with density of 2000 cm™3. The variation in rate of energy loss
as a function of ion energy (bottom panel) is provided as a
convenient reference. Ions move from high to low energy at a
rate, given in the bottom panels of Figure 7a and 7b, which is a
function of location in energy space. Energy loss rate in
energy space peaks at 4 keV for H* (bottom panel, Figure 7a)
and at 50 keV for O* (bottom panel, Figure 7b). Ions will be
removed rapidly from regions of peak energy loss rate and will
buildup in regions of lower-energy loss rate. The effect is
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dramartically illustrated in the top panels of Figure 7a and 7b.
A low-energy (< 500 eV) flux of H* builds up after 12 hours, as
a result of energy loss by the "10 keV" H*, However, this low-
energy population diminishes after 2 days of decay, consistent
with the results of model calculations presented earlier. Low-
energy OT fluxes builds up more slowly. They only reach
values comparable to the peak low-energy H* fluxes after 2
days have elapsed. In contrast the peak low-energy HT fluxes
appear after 1 day of decay.

The buildup of low-energy ions from a 40-keV initial ion
distribution is much less dramatic (middle panels, Figure 7a and
7b6). The 40-keV peak in the H* flux occurs in a region of
increasing energy loss rate. Ions move from a region of slower
to faster energy loss (toward the left in the middle panel, Figure
7a). As a consequence, the H* distribution is eroded, with only
a weak buildup at the lowest energies. The 40-keV peak in the
O~ flux (middle panel, Figure 7b), occurs in a region of nearly
constant energy loss rate. For this case the O* peak is
convected in energy space, almost without change in amplitude
or shape, to lower energies. Eventually, as time increases
beyond 2 days, a flux buildup at the low energies is expected to
occur.

Shelley et al. [1985] reported observations of low-energy
plasma (< 17 keV) from the Hot Plasma Composition
Experiment on the AMPTE/CCE spacecraft during the
September 4, 1984, storm. They found that 0.03 - 1 keV O*
extended to significantly lower L values than the H* during the
storm recovery, which is consistent with results from our ring
current model (Plate 1). The maximum flux level we obtained is
of the order of 106 em-2s-1, which corresponds to a number
density of approximately 1 em3. This is also in agreement
with ISEE 1 observations reported by Lennartsson and Sharp
[1982] and Shelley et al. [1985].

Low-energy ion populations at L ~ 2-3 have been observed in
the past but their source was not clear. Injection from the tail
along the plasma sheet and consequent penetration into the
plasmasphere was suggested as a possible source [Newell and
Meng, 1986]. However, very seldom are electric fields strong
enough to move particles from the tail deep down to L ~ 2-3

with energies of 10 - 500 eV at this location. We suggest that
the enhanced low-energy ion population, within the
plasmasphere, is formed locally from high-energy ring current
particles, via Coulomb collisions with the thermal plasma in
the plasmasphere. QOur suggested mechanism can also explain
some observed features of this low-energy population reported
by Lennartsson and Sharp [1982]. They found that O* was the
dominant species and that the position of the low-energy ions
was a function of magnetic activity, with smaller L values
corresponding to higher activity. Our proposed source
mechanism is consistent with these observed features. The
dominance of O% is the result of the different Coulomb
lifetimes. The decrease in the L value of the plasmapause, with
increased magnetic activity, causes the region of significant
Coulomb drag to move to correspondingly lower L values.

8. PLASMASPHERIC ELECTRON HEATING AND THE ASSOCIATED
TONOSPHERIC SIGNATURES

When ring current ions interact via Coulomb collisions with
the plasmasphere, some of the energy of the ring current ions
is transferred to the plasmaspheric electrons. We calculate the
total energy of the ring current ions, using (7), at every
fractional time step, in order to obtain the rate of energy
transfer for a particular process. Our model shows that
Coulomb collisions contribute a significant fraction of the
total (charge exchange and Coulomb) energy loss of ring
current heavy ions (O* and He) in the plasmasphere region (L
< 3) in this particular storm. For example, at L = 2.5 the
percentage of the total O* energy loss due to Coulomb drag is
22% and that for He* is 54%. The energy transferred from ring
current ions to the plasmasphere has a significant effect on the
thermal plasma in the plasmasphere. The transport of this
plasmaspheric heat flux down to the ionosphere along field
lines, has been proposed as the energy source of the subauroral
electron temperature enhancement and the associated SAR arc
[Cole, 1965; Kozyra et al., 1987]. Kozyra et al. [1987] also
showed that ring current O* ions, with energies of tens of keV,
provide the major portion of this plasmaspheric-ionospheric
heat source.
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different times of the recovery phase of the storm: (@) 0 hour, (b) 12 hours, and (c) 2 days.

Our model results show that O% is always the major
contributor to plasmaspheric electron heating. Plate 2 shows
the energy-deposition rate at different times during the
recovery phase of the storm. At 1 hour after the storm main
phase, the maximum energy-deposition is of the order of 109

eV cm'? 57! and is located on the nightside at L ~ 3, the
location of the maximum in the initial injected population.
The shape of the energy-deposition contours corresponds, in
general, to the shape of the contours of plasmaspheric density
(Figure 2a), because the energy deposition rate is proportional
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to the plasmaspheric density (<np> in (21)). Four hours later
the region of significant energy transfer moves in a westward
direction and extends further to the postnoon sector (Plate 2b).
This movement of the region of significant energy transfer is
consistent with the proposal that OF ions in the energy range
of tens of keV (which drift westward) are the main source of this
energy. A bulge in the region over which energy is deposited
can also be seen on the duskside, as a result of the well known
plasmaspheric bulge. The deposition rate starts to decrease at
approximately 12 hours after the beginning of the recovery
phase (Plate 2¢). At this time the region of significant energy
deposition is more symmetric about magnetic local time when
compared to that earlier in the recovery phase.

The consequences to the subauroral ionosphere of electron
energy deposition rates of the magnitude shown in Plate 2 were
next examined. A cross section of the energy deposition rate
contours was taken at midnight magnetic local time at each
time step during the simulation. This procedure provides a
temporally varying energy deposition rate versus L value at 24
MLT during the storm simulation. The energy deposited in the
electron gas is assumed to be transported along field lines into
the magnetically connected subauroral ionosphere as a heat
flux. This assumption is valid only if the electrons inside the
plasmasphere are collisional. For a collisional description of
the plasma to be valid, the electron-electron collision time
must be less than the electron bounce time [Corawall et al.,
1971]. This condition is just satisfied for the plasmaspheric
model we used in this study. A one-dimensional ionosphere
model with upper boundary heat flux supplied by the ring
current drift-loss model was solved at discrete L values across
the midnight ionosphere. The ionosphere model was
originally developed by Young et al. [1980] and was described
in some detail by Kozyra et al. [1990]. The neutral atmosphere
was specified by the MSIS-86 model [Hedin, 1987] for fall
solar minimum conditions. An IRI-86 model [Bilitza, 1986]
ionospheric profile was assumed but was scaled to represent the
main ionospheric density trough. The ionospheric electron
density trough is a persistent large-scale feature of the

ssion and electron temperature at the same time and position of

nightside subaurcral region [Best and Wagner, 1983].
Observations of 1000 woughs by ARIEL III indicate that the
trough occurrence frequency increases with increasing
geomagnetic activity [Tulunay and Sayers, 1971]). We took a
typical nightside ionospheric N, trough from the
measurements made by the AE-C satellite in 1974, during solar
cycle minimum, at Kp ~ 6. The electron density was assumed to
be constant with time during the storm recovery. The upper
panel of Figure 8 shows a latitudinal profile of the model inputs
at different times during the storm recovery: the
magnetospheric heat flux obtained from our drift-loss model
and the ionospheric electron density at 400 km altitude. We
calculate the corresponding T, value at 400 km and the column
6300 A emission rates; the results of these calculations are
plotted in the lower panel of Figure 8. The peak values of the
calculated red line intensities are in the 200 to 400 R range
during the early phase of the recovery, consistent with the
observed values during moderate storms at solar cycle minimum
[Slater and Kleckner, 1989]. The calculated peak values in the
electron temperature of 4000 - 6000 K during the early phase of
the recovery are also consistent with the observed values [Fok
et al., 1991a4].

The energy wransferred to the plasmasphere through Coulomb
collisions with ring current ions is mainly to the
plasmaspheric electron population [Fok et al, 19915b].
However, since the conductivity of ions is only one fortieth of
that of electrons, small amounts of energy transferred to
plasmaspheric ions may have a significant effect on the
plasmaspheric ion temperature. The reduced conductivities of
ions compared to electrons implies that energy will be
transported away from the equatorial region more slowly in the
ion gas than in the electron gas; thus a smaller heat source is
required to maintain significant temperatures in the ion than in
the electron plasmaspheric populations. We calculated the
energy transfer of ring current ions to the plasmaspheric iomns.
The maximum energy-deposition rate was found to be of the
order of 108 eV em™2 5!, which is about an order of magnitude
lower than that for the electron. We estimated the
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corresponding plasmaspheric ion temperature and found that it
is approximately 4000 K at L=2.75, on the nightside, thus this
seemingly small energy deposition rate does have an important
impact on the nightside ion temperatures.

9. DISCUSSION AND SUMMARY

In many studies of ring current or trapped particle
interactions, only charge exchange with neutrals and wave-
particle interactions have been considered; Coulomb collisions
between ting current ions and the plasmasphere have been
neglected [cf. Kistler et al., 1989; Roelof and Williams, 1988;
Williams et al., 1973]. Cole [1965] and Kozyra et al. [1987]
found that Coulomb collisions between ring current ions and
thermal electrons have significant effects on the plasmasphere
and thus on the formation of such ionospheric phenomena as
the subauroral electron temperature enhancements and SAR
arcs. Nevertheless, the effects of Coulomb collisions on the
ring current population itself, as a function of the elapsed time
during the recovery phase of storms, have not been addressed.
Fok et al. [1991b] obtained an improved expression for the ring
current Coulomb decay lifetime in the presence of a thermal
plasma. They found that Coulomb lifetimes are comparable
with charge exchange lifetimes for ring current major ions
below a few tens of keV. In this work we have shown that
including Coulomb collisions in the calculation of ring current
ion behavior leads to beiter agreement between calculated and
observed features, especially at low energies. Furthermore, we
found that Coulomb collisions result in the appearance of low
energy (< 500eV) ions. Ion populations with similar
characteristics have been observed previously in the ring
current region, but their origin has not been established. Our
work has demonstrated that Coulomb collisions between ring
current ions and the plasmasphere are important and need to be
considered.

SAR arcs have been observed and studied for many years.
SAR arcs emissions are relatively long lived compared with the
rapidly changing poleward auroral phenomena. It has not been
possible to "follow" red arcs after dawn, because of
overwhelming day glow intensities. Our study found that the
SAR arc energy source is present on the dayside (see Plate 2b)
although the predicted intensity is too weak to be detectable by
ground-based photometers over the day glow. We also found
that the plasmaspheric heating and related electron temperature
enhancements and emissions, fade away in approximately 10
hours, for the particular storm that we modeled.

In summary, our drift-loss model allowed us to obtain the time
evolution of the distribution functions of the three major ring
current ion species (H*, He*, and O") during the recovery phase
of a model storm of moderate intensity. We found that

1. Coulomb collisions increase the ion densities at energies
below 1 keV and make the dips in phase-space density, caused
by drift motions and charge exchange loss, shallower.

2. A buildup of low-energy (< 500 ¢V) ions is found inside the
plasmapause (as a result of energy degradation of the ring
current ions caused by Coulomb collisions with the
plasmasphere), with O* being the dominant species of this
population.

3. The energy transferred from the ring current ions to the
plasmaspheric electrons via Coulomb collisions provides a
significant energy source to power the subauroral electron
temperature enhancements and the associated SAR arcs. The
maximum energy-deposition rate is of the order of 10%eV cm™

FOK ET AL.: DECAY OF RING CURRENT AND AERONOMICAL CONSEQUENCES

s!, which produces a subauroral electron temperature
enhancement of 4000 - 6000 K and a SAR arc intensity of 200 -
400 R.

4. The peak energy transfer from the ring current ions 1o the
plasmaspheric ions is of the order of 108 eV em2 571, and the
estimated nightside ion temperature is 4000 K at L=2.75.
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